The structure of the photospheric vector magnetic field below a dark filament on the Sun is studied using the observations of the Spectro-Polarimeter attached to the Solar Optical Telescope onboard Hinode. Special attention is paid to discriminate the two suggested models, a flux rope or a bent arcade. "Inverse-polarity" orientation is possible below the filament in a flux rope, whereas "normal-polarity" can appear in both models. We study a filament in active region NOAA 10930, which appeared on the solar disk during 2006 December. The transverse field perpendicular to the line of sight has a direction almost parallel to the filament spine with a shear angle of 30 deg, whose orientation includes the 180-degree ambiguity. To know whether it is in the normal orientation or in the inverse one, the center-to-limb variation is used for the solution under the assumption that the filament does not drastically change its magnetic structure during the passage. When the filament is near the east limb, we found that the line-of-site magnetic component below is positive, while it is negative near the west limb. This change of sign indicates that the horizontal photospheric field perpendicular to the polarity inversion line beneath the filament has an "inverse-polarity", which indicates a fluxrope structure of the filament supporting field.
Introduction
Dark filaments or prominences are one of the most impressive objects observed by the optical Hα spectral line in the solar atmosphere (reviews in, e.g., Parenti 2014; Mackay et al. 2010; Tandberg-Hanssen 1995; Hirayama 1985) . Cold heavy matter stays above the surface at an altitude of up to 100 Mm surrounded by hot coronal plasma. As suggested by the occurrence above the magnetic polarity inversion lines (PILs; Babcock & Babcock 1955) , they are considered to be supported by the magnetic field opposing the gravity.
Numbers of theoretical studies have been conducted on the magnetic structure of filaments. Kippenhahn & Schlüter (1957) suggested that the cool material is stored at the dips near the top of the bent arcade fields because of its own weight. In another model proposed by Kuperus & Raadu (1974) , the filament material is stored at the lower dips inside a flux rope above the PIL. In the Kippenhahn-Schlüter model, the transverse magnetic component crossing the filament has a "normal" polarity, i.e. the orientation of the field is from the positive to the negative local vertical polarities while it is in the opposite direction, i.e., an "inverse" polarity, in the Kuperus-Raadu model.
Studying the equilibrium structure is not only important by itself but also is interesting for understanding of a filament eruption, which is frequently followed by a large flare and a coronal mass ejection. In some observations, a slow evolution is found before an eruption (Feynman & Martin 1995; Chifor et al. 2006; Nagashima et al. 2007; . This is considered to be a manifestation of the approaching process to the de-stabilization or the loss of equilibrium. In the model by Forbes & Isenberg (1991) the equilibrium state evolves slowly in response to, e.g., the surface motion (e.g., Kaneko & Yokoyama 2014) . Through this evolution, the magnetic pressure force of the fields below a flux rope finally overcomes the tension force of the overlying magnetic field lines that is pulling the rope back. Chen & Shibata (2000) extended this idea that the final de-stabilization is triggered by an emerging flux in the vicinity of a flux rope corresponding to a filament. In both these models, the final state just before an eruption has a flux rope in the corona. On the other hand, models in which the eruption appears from an arcade structure are also proposed. The stretching motion along the PIL with a converging motion enhances the magnetic pressure by the stretched axial field (Amari et al. 2000) leading to the trigger of an eruption. The observation of a filament's magnetic structure is necessary to understand the feasibility of these proposed processes.
The magnetic fields of the prominences have been diagnosed using the spectropolarimetric data of the optical spectral lines (A review of the early works is found in Leroy 1989) . They are the results of the inversion based on the Hanle or Zeemann effects. The early observations revealed that the magnetic field has a strength of around 10 G and is mostly horizontal and makes an acute angle of about 40 deg relative to the spine (Leroy 1989; Bommier & Leroy 1998 ; reviews in Mackay et al. 2010) . Casini et al. (2003) obtained the first map of the vector field of a prominence. They found organized patches of magnetic field significantly stronger (up to 80 G) in the surrounding weak horizontal field.
To infer the field structure of a filament, the measurement of the photospheric magnetic field is an indirect method but relatively more precise than those in the filament itself. Using the detailed polarimetric measurements, Lites (2005) reconstructed the photospheric vector magnetic field below some narrow active region filaments in comparison with high resolution Hα observations. He found a flux rope structure in the filaments, i.e., an inverse polarity structure of the photospheric field. López Ariste et al. (2006) also found bald patch structures in the bipoles in a filament channel as well as at the foot of its barbs. Okamoto et al.(2008; 2009) found an evolving magnetic field underneath an active region filament and interpreted that its evolution is consistent with an emerging flux rope structure. Kuckein et al. (2012) conducted a multiwavelength multiheight study of the vector magnetic field of an active region filament and found that its inferred fields suggest a flux rope topology. This study reports the magnetic structure beneath a filament in the photosphere that is observed by the Spectro-Polarimeter attached with the Solar Optical Telescope onboard the Hinode spacecraft, that is capable of observing the four Stokes components of Fe I 6301.5 & 6302.5Å doublet lines emanating from the photosphere. These spectro-polarimetric data are fitted by our developed code, MEKSY, based on the Milne-Eddington atmospheric model. As for the practical procedure of the measurement of the transverse magnetic component, there remains a fundamental difficulty of the 180-degree uncertainty. The approach described in this study uses the center-to-limb evolution of the Stokes-V signal to solve the 180-degree ambiguity in the azimuthal angle of the photospheric vector field below the filament (see also Bommier et al. 1981) . This method assumes that the global magnetic structure of the filament is static during this period.
Based on the measurement in this study, we attempt to discuss the global structure of the filament. In the Kippenhahn-Schlüter bent-arcade model, the transverse magnetic component crossing or beneath the cool material has normal polarity. In the Kuperus-Raadu flux-rope model, the crossing field has inverse polarity. However, for the photospheric field, there are two possibilities for the orientation: First, if the flux rope is detached above the photosphere, lowheight loops can connect in a normal manner, and the magnetic field close to the photosphere can have normal orientation. Second, if part of the flux rope field lines cross the photoshpere, a so-called bald patch configuration appears close to the PIL in the photosphere, and an inverse orientation can be observed.
In the next section, the observation is described. The results are given in section 3 with corresponding discussions.
Observation and Analysis
We used the data sets taken by the observations of active region NOAA 10930 (figure 1) during its passage on the solar disk from 2006 December 8 to 16. The square insets of panels a and b in figure 1 indicate the analyzed filament.
We used full-sun images in the hydrogen Hα band taken by the Global High-Resolution Hα Network which consists of facilities at different global longitudes (Steinegger et al. 2001) as information on the chromospheric geometry of the filaments. In the analyzed period, data from the Big Bear Solar Observatory (BBSO; figure 1b this code are provided in Appendix 2. Note that MEKSY itself does not take care of the socalled "180-degree ambiguity" in the azimuth angle of the magnetic field. The resolution of this ambiguity is the heart of this analysis and will be described in the next section and Appendix 1 in detail.
In this study, we use the heliocentric Cartesian coordinate with x, y, and z. The origin is at the solar center, and x and y are, respectively, in the westward and northward directions and z is in the earthward direction. Further, we use heliographic coordinates r, Θ, and Φ, where Θ is the latitude and Φ is the longitude. Φ = 0 corresponds to the terrestrial observer's central meridian.
Results and Discussion
The square insets of figure 1 indicate the analyzed filament. The filament is located at the outer edge of the active region and its lifetime is longer than the duration of the disk passage of the active region. The heliographic coordinate on 2006 December 11 is S07W07 (i.e., Θ = −7deg and the field is strongly sheared (figure 4). This is consistent with the previous statistical results on the mid-latitude quiescent prominences by Leroy et al. (1984) .
To obtain information on the three-dimensional magnetic structure of the filament, the orientation of the transverse component perpendicular to the PIL beneath the filament is a key parameter. Assume that the spine of the filament is parallel to the PIL on the surface of the sun and take an elemental vector e to be parallel to the PIL (figure 4). Then, e = e Φ cosχ f + e Θ sinχ f ,
whereχ f is the tilt angle of the PIL against the latitudinal line. As shown in figures 3b and d, the north-eastern and south-western sides of the filament have the negative (γ B ≈ 160 deg, where γ B is an inclination angle of the magnetic field) and positive (γ B ≈ 25 deg) vertical polarities, respectively. Therefore, if the orientation of the transverse component perpendicular to the PIL is B ⊥ < 0 (B ⊥ > 0, see figure 4), the transverse field has a "normal polarity" ("inverse polarity"). For this solution, it is necessary to solve the 180-degree azimuth ambiguity. We used the apparent change of the magnetic signals during the rotational passage on the solar disk of this filament. Because this filament shows steady appearance during the passage on the solar disk, we assume that the magnetic structure does not change much during this period.
We hereafter assume that the components B r , B Θ , and B Φ in the heliographic coordinate of the photospheric magnetic field do not change during the disk passage. In addition, it is important to note that, owing to the stable observational condition on the orbit out of the atmospheric influence, Hinode can take maps with a uniform and stable quality for this analyzed region.
In terms of the photospheric magnetic field on the PIL, the radial component is zero, 
where χ B0 is an observed azimuth angle of the magnetic field at the PIL when it is located at the disk center. We used an approximation that |Θ| 1 rad, |χ f | 1 rad, and | tan χ B | 1 for the derivation of this formula (see appendix 1 for a detailed derivation). Note that tan χ B0
is independent of the 180-degree ambiguity. A crude explanation to this formula is that, the analyzing PIL (and filament as well) is almost in the east-west direction (|χ f | 1 rad). Thus the LOS component B z occurs at
where γ B0 is an inclination angle (see Appendix 1). Figure 3b shows that the inclination angle of the southern negative polarities in the northern side is γ B0 ≈ 160 deg ( figure 3d) . Therefore, deg (see appendix 2) in the inclination angle, the observation supports the suggestion of an inverse-polarity structure of the filament field for the northern side. The quantitative discrepancy for the southern side is difficult to explain. One possibility is that the magnetic structure of the filament gradually changes during the passage which we ignore in the current analysis. However, there appeared a change of sign in the LOS component even in the southern side during the passage, which supports the inverse-polarity structure qualitatively.
The photospheric magnetic field below the filament is indicated to have an inversepolarity. This means that near the PIL, the magnetic fields have a bald-patch structure, that is, the field lines are in contact with the photospheric surface in a concave-up shape (Lites 2005) . Although the global three-dimensional structure high-up in the atmosphere is out of the scope of this study, we have another supporting observational material for the flux rope interpretation of this filament. The Transition Region and Coronal Explorer (TRACE) EUV image in figure 6 shows bright features crossing above the filament in a southeast to northwest direction. This suggests that the overlying field is twisting the filament in a left-handed manner.
This is consistent with the orientation of the transverse component of the photospheric field and the flux-rope interpretation.
The chirality (Martin 1998) The method of the current analysis includes several assumptions regarding the filament condition: There should be no drastic change in the filament magnetic field during the passage from the east to west limb through the solar disk. If it is dynamic in nature, it is difficult to interpret the change of sign in the LOS component below the filament as a consequence of the viewpoint or change of structure. However, this method may add a new approach for studying a global magnetic structure of filaments. As long as stable polarimetric observational data are available, the orientation of the photospheric axial field can be obtained without high resolution
Hα data. This method may be especially promising for statistical studies.
Conclusions
This study focused on the Hinode observation of the photospheric magnetic structure below a filament and attempted to infer what magnetic structure the filament has in the equilibrium.
We studied a filament in active region NOAA 10930 that appeared on the solar disk in 2006
December. The magnetic transverse component perpendicular to the LOS has a direction almost parallel to the filament spine with a shear angle of 30 deg, whose orientation includes the 180-degree ambiguity. We used the center-to-limb variations for the solution of this ambiguity.
When the filament is near the east limb, we found that the line-of-site magnetic component below is positive, while it is negative near the west limb. This change of sign indicates that the horizontal photospheric field perpendicular to the polarity inversion line beneath the filament has an "inverse-polarity", which indicates a flux-rope structure of the filament supporting field.
Hinode is a Japanese mission developed and launched by ISAS/JAXA, with NAOJ as 
Appendix 1 Derivation of equations (2) and (3)
In this study, we use the heliocentric Cartesian coordinate with x, y, and z. The origin is at the solar center, and x and y are, respectively, in the westward and northward directions and z is in the earthward direction. Further, we use heliographic coordinates r, Θ, and Φ, where Θ is the latitude and Φ is the longitude. The relations among the elemental unit vectors of these two coordinate systems are given as e r = e x cos Θ sin Φ + e y sin Θ + e z cos Θ cos Φ, e Φ = e x cos Φ − e z sin Φ, e Θ = −e x sin Θ sin Φ + e y cos Θ − e z sin Θ cos Φ.
Assume that the spine of the filament is parallel to the PIL on the surface of the sun and take an elemental vector e to be parallel to the PIL (figure 4). Then, e = e Φ cosχ f + e Θ sinχ f ,
whereχ f is the tilt angle of the PIL against the latitudinal line. The observed tilt angle χ f , taking into account of the foreshortening effect, is given as
The magnetic field component perpendicular to the PIL in the solar surface is given as
The azimuthχ B is defined as
The relations between components are
and their observed azimuth angle is
In terms of the magnetic field B on the PIL, the local vertical component to the surface is zero, i.e.,
By using eqs. (A7) and (A8) with (A9), we obtain tanχ B = cos Φ sin Θ sin Φ + cos Θ/ tan χ B .
We are interested in the relation between the LOS component B z and the perpendicular component B ⊥ to the PIL. Using eqs. (A7) and (A5) with (A9), their ratio is given as
Suppose the analyzing filament is close to the equator, i.e., |Θ| 1 rad like our analyzed one. Then, from eq. (A4),
and from eq. (A10),
To obtainχ B andχ f , the procedure becomes simpler by using data at |Φ| 1 rad as
Here, the subscript 0 denotes a value at Φ ≈ 0 rad. We hereafter assume that these values do not change during the disk passage. Since the observed tilt angle of the filament is small, i.e., |χ f | ≈ |χ f 0 | 1 rad, from eq. (A11), we obtain
Since the observed azimuth angle of the transverse field is small, i.e., |χ B | ≈ |χ B0 | 1 rad, we finally obtain eq. (2) as
The observed inclination angle is given as
In terms of the magnetic field B outside the PIL, using |Θ| 1 rad,
and
If one uses the data at |Φ| 0 rad then
Note that this value is assumed to remain constant during the disk passage. The LOS component is
and its change of sign occurs at
which is (3). in the LM fitting is highly dependent on the initial-guess parameter sets. In MEKSY, they are provided by the PIKAIA code which is based on the genetic algorithm (Charbonneau 1995) .
For data input and output, the CFITSIO library (William 1999 ) is used.
The main purpose behind the development of the MEKSY code is the fulfillment of high-speed processing. One Hinode SP normal-mode map includes approximately a square of one kilo pixel points. This is an enormous number compared with the previous spectro polarimetric data, e.g. the Advance Stokes Polarimeter typically has only 256 2 pixel points.
Hinode also observes the Sun with practically no interruption and may routinely produce large format data. The developed code is optimized as much as possible to meet these requirements.
An IDL front-end macro program is also developed to submit parallel processes on the parallel computing system (grid engine system). As a result, the process time is 50 mili second for each pixel by an Opteron 2.2-GHz core, and thus it takes 14 hours to build a ≈ 1000 2 -pixel map.
The process can be parallelized by using the parallel system so that the entire process takes less than 1 hour by using a 16-CPU system. The code is installed on the grid engine system at the Hinode Science Center (HSC) in the National Astronomical Observatory of Japan 1 . The program source is written in Fortran 90 and the technical details of the code including the user reference manual are available on the HSC website as online documents 2 . Figure 7 shows the comparison of the fitting results with the existing code. We used the results of the so-called "ASP code" (Skumanich & Lites 1987; Lites et al. 1994 are not taken into account in the present code. The branches extending in the relatively strong (≈ 0.1) polarization degree range are attributed to this effect. Otherwise, we may estimate the error of the fitting procedure by using MEKSY. The one-sigma errors in the pixels with polarization degrees greater than 2 % are: a few Gauss for field strength, a few degrees both for the field inclination and field azimuth, ≈ 10 m/sec for the Doppler velocity, and ≈ 10 % for the stray-light fraction. The error for each variable is calculated as δa k = (χ 2 /α kk ) 1/2 , where a k (k =1, ..., 12) is the fitting parameter given above, and δa k is its fitting error, χ 2 is the value of the merit function for the obtained fit results, and α kk is the k-th diagonal component of the "curvature matrix" defined as the curvature of the merit function χ 2 (a k ) in the fitting parameter space. The detailed definitions of these variables are given in Press et al. (1992) . 
